We analyzed the replication of two unlinked actin genes, ardB and ardC, which are abundantly transcribed in the naturally synchronous plasmodium of the slime mold Physarum polycephalum. Detection and size measurements of single-stranded nascent replication intermediates (RIs) demonstrate that these two genes are concomitantly replicated at the onset of the 3-h S phase and tightly linked to replication origins. Appearance of RIs on neutral-neutral two-dimensional gels at specific time points in early S phase and analysis of their structure confirmed these results and further established that, in both cases, an efficient, site-specific, bidirectional origin of replication is localized within the promoter region of the gene. We also determined similar elongation rates for the divergent replication forks of the ardC gene replicon. Finally, taking advantage of a restriction fragment length polymorphism, we studied allelic replicons and demonstrate similar localizations and a simultaneous firing of allelic replication origins. Computer search revealed a low level of homology between the promoters of ardB and ardC and, most notably, the absence of DNA sequences similar to the yeast autonomously replicating sequence consensus sequence in these Physarum origin regions. Our results with the ardB and ardC actin genes support the model of early replicating origins located within the promoter regions of abundantly transcribed genes in P. polycephalum.
In Escherichia coli, the most frequently transcribed cistrons are oriented on both sides of the replication origin such that they are replicated and transcribed with the same polarity. It has been proposed that this genome organization has evolved in order to prevent head-on collisions of RNA and DNA polymerases (8) . During S phase of a eukaryotic cell, genes are actively transcribed at a time when thousand of replication forks are engaged in replicating the genome, generating a high number of potential conflicts between the two activities. Recent studies have identified some of the mechanisms that might be involved in coordinating the two activities at the most abundantly transcribed loci, such as the rRNA genes. When found on extrachromosomal palindromic DNA molecules, as in Tetrahymena thermophila or in Physarum polycephalum the two divergent copies of the rRNA genes are replicated and transcribed with the same polarity, since the bidirectional replication origins are confined to the central nontranscribed spacer (2, 15, 42) . This simple organization is not possible in most organisms in which the rRNA genes are arranged in large tandem repeats. In these cases, replication from internal origins are necessary to complete the ribosomal DNA (rDNA) replication during one cell cycle. The internal initiations of DNA replication could generate replication forks that move opposite the direction of transcription. In the yeast Saccharomyces cerevisiae and other organisms, this situation is prevented by a replication fork barrier situated at the 3Ј end of the rRNA genes (10, 26, 30, 31, 44) . Its location and polarity favor the codirectional replication and transcription of the genes (10, 30) . This illustrates the importance of maintaining the same polarity of transcription and replication in abundantly transcribed genes.
The natural synchrony of S phase within the plasmodium of the slime mold P. polycephalum allows for studies of specific replicons without the need for any cell treatment. Up to 10 8 diploid nuclei divide synchronously every 10 h in a plasmodium and then immediately progress into a 3-h S phase. There is no G 1 phase. The genome is composed of about 18,000 replicons, with a mean size of 35 kb, that are activated in a strict temporal order (7, 36) . Direct electron microscope observations of chromatin spreads were suggestive of DNA replication initiation occurring preferentially at expressed loci at the onset of S phase (38) . So far, two chromosomal loci have been analyzed in detail. Both contain a developmentally regulated gene that is not expressed in the haploid, uninuclear amoebal cell type of P. polycephalum but is abundantly transcribed within the plasmodium (35) . With the neutral-neutral two-dimensional (2D) gel technique, the profilin P gene was found to be replicated from a site-specific origin activated at the onset of S phase and located within the promoter region of the gene (4, 18) . On the other hand, the same method revealed a complex pattern of replication of the LAV1-2 gene, suggestive of two weak origins situated about 10 kb apart on both sides of the gene (18) . To determine whether one of these two types of organization is more representative of the chromosomal replicons in P. polycephalum, we undertook the mapping of other chromosomal origins, activated at the onset of S phase and linked to abundantly transcribed genes.
Actin is the most abundant protein in the plasmodium. Four unlinked actin genes loci have been defined by Mendelian analysis: ardA, ardB, ardC, and ardD (39) . Further molecular analysis showed that ardD is an early replicated gene whose transcript is nonabundant and that it encodes a polypeptide with only 83% identity to the major actin (1, 37) . The three other actin genes encode the same major cytoplasmic actin isoform, which is 96% homologous to the ␥-cytoplasmic actin of mammals (24, 41) . However, these three isocoding genes, whose promoters and 3Ј regions are highly divergent, are differentially replicated and transcribed in the plasmodium. The ardA gene is replicated late in S phase (37) and apparently inactive (24) . The ardB and ardC genes, in contrast, generate the most abundant transcripts in the cell, accounting for about 5% of the clones in a plasmodial cDNA library (35) . The mRNA transcribed from the ardC gene is three times more abundant than the one transcribed from the ardB gene in the plasmodium (24) .
We have previously shown that the ardB and ardC genes replicate within the first 10 min of S phase in the plasmodium (37) . Considering the known elongation rate of 0.6 kb/min per fork in the plasmodium (21, 22) , this finding suggests that these two genes are at most 6 kb away from a replication origin. In this study, we establish by neutral-neutral 2D gel mapping (9) and detection of nascent single-stranded replication intermediates (RIs) on alkaline gels (3) that these two abundantly transcribed actin genes are replicated at the onset of S phase from an efficient replication origin that is located within the promoter region of each gene.
MATERIALS AND METHODS
Cultures and determination of S-phase time points. Plasmodia 5 to 7 cm in diameter were grown in standard conditions (3) . Briefly, a suspension of microplasmodia was deposited in the center of a Whatman filter paper and allowed to fuse for 90 min. The resulting macroplasmodium was fed with conventional semidefined medium (7) . The second synchronous mitosis occurred 15 to 17 h later. The cell cycle stage and the level of synchrony were determined by observing mitotic figures from smears taken from opposite sides of a plasmodium. The division of the telophasic nuclei corresponds to the onset of S phase. A time in minutes after the onset of S phase was assigned to each harvest of a plasmodium and is referred to in the figures. Repeat experiments indicate a good correlation between the timing as defined and the size of the nascent strands of specific replicons.
The alleles of the ardB and ardC genes have identical restriction fragment length polymorphisms in strains M 3 CIV and TU 291, which are commonly selected for DNA replication studies in P. polycephalum (2, 7, 21, 37) . These two strains were used indifferently in this study.
Probes. Vector-free, purified inserts were used as probes. The ardC gene locus was detected by two different DNA probes. Probe a corresponds to a 1.1-kb BglII-HindIII genomic fragment that encompasses the promoter (12) . Probe b, a 700-bp genomic fragment containing the 3Ј noncoding sequence of ardC and an additional stretch of 450 bp, was isolated as a PstI fragment from the DNA transformation vector pTB40 (12) . A EcoRV-HindIII 650-bp genomic fragment, probe c, was used as a probe for ardB. Its location is similar to that of probe a from the ardC gene (11, 12) . Probe c cross-hybridizes with two other undefined loci that do not replicate at the onset of S phase (not shown) and do not interfere with the results. DNA preparation. In previous studies, DNA preparations obtained by conventional phenol-chloroform extractions of lysed nuclei were found to retain an appreciable proportion of undegraded RIs on neutral-neutral 2D gels (2, 4, 18) and to consist of high-molecular-weight single-stranded DNA on alkaline gels (2, 4) . However, during the present study, we noticed that the RIs, although abundant on denaturating gels ( Fig. 1) , were often totally absent on 2D gels, where only a large 1ϫ spot corresponding to linear DNA molecules was seen. In some cases, the restriction enzyme was responsible for the absence of the branched structures. This was always correlated with the noticeable degradation of purified single-stranded DNA, such as M13 phage DNA, by the restriction enzyme. We therefore tested the restriction enzymes by incubations with single-stranded DNA. Even with nuclease-free enzymes, phenol-chloroform extractions of Physarum DNA gave inconsistent results, indicating extrusion of the nascent strands during DNA preparation. We obtained more consistent results when the chromosomal DNA was deproteinized gently within agarose plugs (26, 40) . The results were qualitatively the same as those obtained with DNA prepared by phenol-chloroform extractions, but we found a higher ratio of replicating signals compared with the 1ϫ spot. The sensitivity to phenol-chloroform is likely related to the size of the chromosomal DNA molecules, since this treatment had little effect on the stability of the RIs derived from the nucleolar 60-kb rDNA molecules (not shown). Nuclei were therefore isolated as previously described (4), concentrated in homogenization medium, and mixed with a 1% low-meltingpoint agarose solution at 42ЊC. Two-millimeter-diameter tubing was filled with the mixture and immersed in Tris-EDTA (TE) at 4ЊC. The gel was extruded and cut into 8-by 2-mm plugs, which can be directly inserted into the slots of an agarose gel. The plugs were treated for at least 3 h at 50ЊC in a solution containing 1 mg of proteinase K per ml, 1% Sarkosyl, and 0.4 M EDTA. After repeated washings in TE, the plugs were incubated for 1 h at room temperature in 100 g of RNase A per ml, rinsed, and stored in TE. The plugs were then incubated for 1 h in the appropriate restriction buffer, and a restriction digestion was performed by adding three times 200 U of the enzyme (generally purchased from Promega) in a 6-h-long incubation. The agarose plugs contained about 10 g of DNA.
Alkaline gel electrophoresis. For experiments presented in Fig. 1 , DNA was prepared by extraction with organic solvents as previously reported (4). In Fig. 5 , DNA samples contained within agarose plugs were deproteinized, denatured by incubation in 50 mM NaOH-2 mM EDTA for 1 h at room temperature, and submitted to alkaline electrophoresis for 22 h at 1 V/cm. In these experiments, the gel was directly blotted onto a nylon filter, omitting the usual steps of neutralization, staining, and depurination of the DNA. The HindIII-digested size markers were revealed by hybridization with 32 P-labelled DNA.
2D gel electrophoresis and hybridization. 2D gel electrophoresis was carried out as previously described (9) . The first dimension was run at 0.4 V/cm for about 66 h in a 0.4% agarose gel; the second dimension was in a 1% agarose gel for 15 h at 3 V/cm. DNA was blotted on nylon Gene Screen Plus (NEN), using a vacuum transfer apparatus. Probes were labelled in a random-primed labelling reaction with a commercial kit (NEN), using 50 Ci of [ 32 P]dCTP. Hybridization and washing were performed as previously described (2, 4) .
Sequence analysis. The Thermodyn program was kindly provided by D. Kowalski (32) .
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences reported are as follows: ardB, X60788; ardC, M73459, X07792, and M73460; proP, M38038; and rDNA, M20040 and M14405.
RESULTS

Simultaneous replication of the two unlinked actin genes.
We have previously established by conventional density shift experiments following an in vivo incorporation of bromodeoxyuridine and by gene dosage experiments that the actin ardB and ardC genes are duplicated with the first 10 min of S phase (37) . To estimate the distance between these genes and their replication origins, we measured on denaturing gels, using undigested chromosomal DNA, the sizes of the replicating nascent strands that hybridize with gene-specific probes (4) . As shown in Fig. 1A , in synchronous DNA samples extracted during the first minutes of S phase (ϩ5 min and ϩ7 min), the ardC promoter-specific probe a hybridizes to short singlestranded RIs, 2 to 7 kb in length. These molecules are growing and measure about 17 kb at ϩ15 min in S phase. As a control, we used a G 2 -phase sample. Only the parental, undegraded single-stranded DNA hybridizes with the probe; no nascent strands are seen. When the same filter is rehybridized with the probe from the ardB promoter, a very similar result is obtained ( Fig. 1A ), demonstrating that the two genes are simultaneously replicated within the first 5 min of S phase. A slightly more rapid growth of the ardB replicon is indicated by the larger size of the RIs at ϩ15 min.
The very early replication of these two genes suggests that they are tightly linked to their respective replication origins. From the sizes of the shortest RIs that hybridize fully to the promoter probes, at about 2 kb in lanes ϩ5 min and ϩ7 min, it can be estimated that in each case the replication origin is at most 1 kb away from the promoter and probably less if one assumes a bidirectional replication (Fig. 1B) . The size heterogeneity of the nascent RIs of these two replicons is reminiscent of what we found previously for the LAV1-2 and profilin P replicons (3, 4) and could simply result from a slight asynchrony of the 10 8 nuclei and/or from the simultaneous activation of multiple initiation sites. To discriminate between these possibilities, we studied the structures and distribution of the RIs at the ardC gene locus by the neutral-neutral 2D gel method of Brewer and Fangman (9) .
Simultaneous initiation of DNA replication within allelic restriction fragments. The promoter of the ardC gene is centrally located within allelic EcoRI restriction fragments of 6.5 and 7.2 kb (12, 39) . In Fig. 2 , a time course study of the replication of these polymorphic EcoRI fragments is presented. When DNA is extracted from a plasmodium in telo-VOL. 16, 1996 REPLICATION ORIGIN MAPPING IN P. POLYCEPHALUM phase (ϩ1 min), the two 1ϫ spots corresponding to the nonreplicating fragments are prominent, although upon longer exposure, the faint traces of beginning arcs are visible (not shown). In a DNA preparation extracted only a few minutes later, at about 3 min after the onset of S phase, these two arcs are well developed, indicating that by this time these two restriction fragments were replicating in most of the nuclei. From their positions on the blot and their evolution in the next time point, we determined that these arcs are bubble-shaped arcs, revealing a simultaneous initiation of DNA replication within the two allelic restriction fragments. At ϩ6 min, the pattern of replication has changed such that the short bubbles have disappeared whereas terminal Y-arc signals are now present. This experiment demonstrates that the allelic bubble arcs are converted into allelic Y arcs, generating a transition that is characteristic of an asymmetrically located, site-specific origin of replication with the same localization in the two alleles ( Fig. 2 ). At ϩ25 min in S phase, no replicating signals are seen, which is consistent with the large size of the replicons found at ϩ15 min on denaturing gel ( Fig. 1 ). This finding confirms that at these stages, the replication forks are distant from the fully replicated, origin-containing EcoRI fragments. The bubble arcs found at ϩ3 min and ϩ6 min are indicative of an origin situated in the central third of the fragment. From the bubbleto-Y-arc transition seen at ϩ6 min, it is inferred that the origin is probably not exactly centrally located, leaving either one or the other of two short DNA segments as the most probable origin position (position 1 [pos1] or pos2). It is apparent that pos2 coincides with the origin region defined in Fig. 1 (see the schematic drawing in Fig. 2 ). To confirm this mapping and further substantiate the site specificity of the replication origin linked to the ardC gene, we studied the structures of the RIs on both sides of gene.
The ardC gene is replicated from a site-specific origin. When the EcoRI-HindIII fragment that encompasses the upstream region of the gene was tested, complete Y-arc signals of comparable intensities were obtained for the two alleles ( Fig. 3A) . Interestingly, when the adjacent downstream HindIII fragment was tested, again complete Y arcs were found (Fig. 3C ). These patterns, which contrast with the discontinuous arcs obtained after telophase, at which the plasmodia were harvested is indicated below each frame. EcoRI digests were submitted to standard 2D gel electrophoresis and probed with the 1.1-kb probe a, revealing the 6.5-and 7.2-kb allelic fragments of the ardC gene. Notice that the allelic fragments are simultaneously replicated. For clarity, only the map of the shortest of the two allelic EcoRI fragments is shown (6.5-kb ardC2 allele). The transcribed region is shown by a black box, with the four introns indicated as white regions. The direction of transcription is shown by an arrow. The origin as defined by alkaline gel electrophoresis of Fig.  1 is indicated as ori (Fig. 1 ). The two possible locations of the origin (either pos1 or pos2), as determined in this experiment, are indicated (see text). For an analysis of the 2D gel patterns generated by replicating molecules, see reference 9.
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by probing with the EcoRI fragment ( Fig. 3B) , rule out the possibility of initiations scattered over the locus and pinpoint the initiations to a short stretch of DNA (pos2 [ Fig. 3 ]), closely associated with the HindIII site found 52 nucleotides downstream of the transcription initiation site of the ardC gene (24). This origin location implies, provided that the forks have similar and constant elongation rates, that the transition from a bubble to a Y arc found within the EcoRI fragment ( 3C ) regions of the ardC gene, it is obvious that the forks are moving away from the origin without any significant pausing. It is, however, difficult to decide whether the leftward and rightward replication forks progress at the same rate. We therefore took advantage of HindIII fragments of similar sizes upstream and downstream of the origin to study the progression of both forks at different time points and to confirm that the downstream EcoRI site is replicated first.
Progression of the replication forks in early S phase at the ardC gene locus. We analyzed the positions of the leftward and rightward replication forks at ϩ3 and ϩ6 min in S phase. On the same HindIII blot, by sequential hybridization with two specific probes, we detected replication events in both fragments that abut on the HindIII site located in the first exon of the gene (Fig. 4) . When the upstream fragment was probed, FIG. 3 . Physical mapping of the replication origin at the ardC gene locus by 2D gel analysis. Replication patterns within specific restriction fragments were defined by hybridization following a neutral-neutral 2D gel electrophoresis. The three patterns shown are derived from different early S-phase DNA preparations. A map depicts relevant restriction sites and the locations of probes a and b. The three restriction fragments analyzed are polymorphic, so that the replication of both alleles of the ardC gene is seen. The HindIII site located in the first exon of the gene is conserved in the two alleles. When EcoRI-HindIII-digested DNA is hybridized with probe a, two complete Y arcs are found (A). This result, which rules out an origin location in the central third of the fragment, is compatible with an origin located in the terminal third of either end of the fragment. A diagrammatic interpretation of this result, showing an origin position close to the gene, in agreement with the results of Fig. 1 and 2 , is seen in the shaded portion of rectangle A. The hybridization of probe a to EcoRI-digested DNA gives a transition from a bubble to a Y arc with both alleles (B). Two possible origin positions are indicated by the shaded areas of rectangle B. The hybridization of probe b to HindIII-digested DNA gave complete Y arcs with both alleles (C). This pattern restricts the origin location to one end of the fragment, as shown by the shaded area of rectangle C. These results are consistent with an origin location at pos2 rather than pos1, in agreement with the origin position defined by alkaline gel electrophoresis (ori in Fig. 1 ).
FIG. 4. Progression of the replication forks along the ardC gene locus. Distribution of the replication forks of the ardC gene replicon in very early S phase was revealed by 2D gel electrophoresis. At two different time points (ϩ3 and ϩ6 min after the onset of S phase), replication forks were mapped in the two HindIII fragments that abut on the HindIII site located in the first exon of the gene. A schematic map of the ardC2 allele is shown; size scale is given by the 1.1-kb probe a. At each time point, a single blot was hybridized first with probe a and then with probe b so that the leftward and rightward fork locations can be directly compared. To emphasize that forks are moving in opposite directions, the 2D gels of the rightward panels are shown in reverse orientation. An interpretation of the results is given below the frames (arrowheads indicate replication fork distribution within the corresponding restriction fragment). At ϩ3 min, the start of Y arcs is obtained within the 6.6-kb upstream HindIII fragment (the 1ϫ spot at about 7.0 kb and the related arc are due to a partial digestion) as well as in the downstream allelic 4.8-and 5.2-kb fragments. In the 6.6-kb upstream fragment, the forks are distributed within the first half of the fragment, between the 1ϫ spot and the inflexion point at 3.3 kb (mean size of single-stranded RIs at about 1.6 kb). In the downstream allelic fragments, the forks are also distributed from the HindIII site in the coding region to the middle of the fragments. The nascent strands range from 0 to about 2.6 kb, with a mean size of about 1.3 kb. At ϩ6 min, it is obvious that fork positions upstream and downstream of the gene have changed, illustrating a bidirectional elongation. Upstream, the leftward forks are found around the inflexion point, with a mean size of about 3.5 kb, whereas the rightward forks are located in the second portion of the downstream Y arcs, between 2 and 5 kb, also with a mean size of about 3.5 kb. From these results, similar elongation rates of about 600 to 700 bp/min can be calculated for the two populations of forks between ϩ3 and ϩ6 min in S phase. It can also be concluded that the downstream EcoRI site located 2.1 kb (ardC2) or 2.6 kb (ardC1) downstream from the central HindIII site is replicated earlier than the upstream EcoRI site, located 4.3 kb (ardC2) or 4.5 kb (ardC1) upstream of the intragenic HindIII site (see the map of the ardC2 allele at the top). This is consistent with an origin located within the promoter of the gene (see text). VOL. 16, 1996 REPLICATION ORIGIN MAPPING IN P. POLYCEPHALUM 971 the ϩ3 min blot revealed an incomplete arc that can be unambiguously assigned as a partial Y arc on the following grounds: its position on the blot, its evolution 3 min later (see below), and finally the Y arc obtained for the shorter EcoRI-HindIII fragment as shown in Fig. 3A . This finding demonstrates a rather homogeneous distribution of the leftward replication forks from the 1ϫ spot to the inflexion point. When the same blot was rehybridized to a probe derived from the 3Ј end of the gene (probe b), again incomplete Y arcs were obtained in the downstream allelic fragments, revealing a distribution of the rightward forks from the 1ϫ spot to the inflexion points (Fig. 4) . In a HindIII digest from a DNA preparation extracted a few minutes later, ϩ6 min, the distribution of the forks in the upstream fragment has changed such that most of the replicating molecules are now found around the inflexion point (Fig. 4) . The forks migrating from the origin toward the downstream region of the gene are now distributed in the second half of the Y arc. From the positions of the forks along the Y arcs at ϩ3 and ϩ6 min, we conclude that the leftward and rightward forks have similar rates of elongation, evaluated at 600 to 700 bp/min (Fig. 4) . These experiments also demonstrate that the downstream EcoRI site is replicated first. Therefore, in the transition from a bubble to a Y arc observed in the EcoRI fragment at ϩ6 min (seen in Fig. 2 or 3B) , it is the rightward fork that first exits from the fragment. This information is consistent with an asymmetric location of the replication origin in the EcoRI fragment that is closer to the central HindIII site (pos2 rather than pos1 in Fig. 2 and 3) . This pinpoints the location of the origin to a segment a few hundred nucleotides immediately upstream of the transcription initiation site. Initiation of DNA replication within the promoter of the ardC gene. The RIs that would be generated by a bidirectional origin located at the center of the promoter probe a are drawn in Fig. 5B and compared with data obtained, both by 2D gels and by alkaline gel electrophoresis, on the same DNA preparations. In Fig. 5A , we determined the size distribution of the single-stranded RIs in DNA preparations which, by 2D gels, were shown to contain (ϩ3 min in Fig. 2 ) or not contain (ϩ6 min in Fig. 2 ) nascent bubbles. Following electrophoresis of an undigested DNA sample on an alkaline gel, the 1.1-kb promoter probe a of ardC hybridizes to nascent strands of a size of about 700 bp to 5 kb (brackets in Fig. 5A ) in the ϩ3 min DNA preparation. In contrast, the size of the smallest RIs has increased notably, with a size distribution of 3 to 8 kb ( Fig. 5A ), in the ϩ6 min DNA preparation. Assuming similar elongation rates for the two forks, as supported by the fork mapping experiment (Fig. 4) , an origin located 2.5 kb from the downstream EcoRI site would generate bubbles up to 5 kb in length in the EcoRI fragment from the two ardC alleles (Fig. 5B ). In support of this origin location, we found in the ϩ3-min DNA preparation only bubbles in the 2D gel (Fig. 2) and a maximal size of 5 kb for the single-stranded RIs (Fig. 5A ). Later in S phase when the bubbles are larger, one fork replicates the downstream EcoRI site (as shown in Fig. 4 ), leading to a bubble-to-Y-arc transition pattern within the EcoRI fragment. Since the upstream EcoRI site is 4.0-kb away from the postulated origin location, the replication of the allelic EcoRI fragments would be completed by RIs 8 kb or larger (Fig. 5B) . Again, the comparison in the ϩ6-min DNA sample of the RIs on alkaline gels and on 2D gels supports this origin location. RIs hybridizing to the promoter probe and having a size distribution of 3.0 to 8.0 kb are found (Fig. 5A ). This is consistent with the 2D gel pattern, in which the shortest bubbles were absent and almost fully replicated EcoRI fragments were present in the descending part of the Y arcs ( Fig. 2 and 5B) . The small size of the 1ϫ spots on an EcoRI 2D gel with that DNA preparation (Fig. 2, ϩ6 min) indicates, however, that few copies of the restriction fragments are totally replicated, in figure illustrates how an origin location 500 bp upstream of the transcription initiation site of the ardC gene is consistent with the data obtained with DNA preparations extracted at ϩ3 and ϩ6 min after the onset of S phase. A restriction map of the 6.5-kb ardC2 allele is represented at the top; the ori region is defined as pos2 in Fig.  2 and 3 . Below, the probable evolution of the replicon is drawn. Constant and equal rates of elongation are assumed for both forks on the basis of the smoothness of the Y arcs on both sides of the HindIII site illustrated in Fig. 3 and on the fork progression analysis reported in Fig. 4 . On each side, the size distribution of the nascent RIs that hybridize with probe a, as measured in panel A, is shown by brackets, and the corresponding pattern observed for the ardC2 allele on an EcoRI 2D gel is drawn in order to illustrate the consistency of the data (see text). This drawing also emphasizes the high level of synchrony of the DNA preparations.
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Mapping of the origin of the ardB gene replicon. The two alleles of the ardB gene are contained within polymorphic EcoRI restriction fragments of 4.9 and 5.5 kb (12, 39) . By neutral-neutral 2D gel analysis, we show that these two allelic fragments also contain a site-specific replication origin slightly off center. This is deduced from the typical transition from a bubble arc to a Y-arc pattern shown in Fig. 6B . That this origin is discrete is further demonstrated by the clear Y-arc patterns obtained with the upstream, allelic HindIII fragments of 4.8 and 5.2 kb (Fig. 6A) and with the 2.3-kb EcoRV-EcoRI fragment that contains the coding region of the gene (Fig. 6C) . These results are consistent with an efficient origin located within the promoter of the ardB gene, as drawn in Fig. 6 . This conclusion suggests similar genomic organizations of the two replicons containing the abundantly transcribed ardC and ardB actin genes. Since the two genes are likely the result of a duplication, we reasoned that the replication origins, which are obviously functionally conserved, might also have been duplicated. We therefore compared the two promoter sequences and searched for known features of eukaryotic replication origins.
Comparison of the ardC and ardB promoter sequences. Sequence comparisons were made on a 3,227-bp fragment containing the ardC gene, including 1,049 bp upstream of the transcription initiation site, and on a 2,709-bp fragment from the ardB gene that includes 962 bp of the promoter. The DNA sequences of the two promoters are so highly divergent that they were used as specific probes in this study. Their AT contents are comparable, 52% (ardC promoter) and 53% (ardB promoter), in a 58% AT-rich genome. They both have an asymmetric strand distribution of purine and pyrimidine residues. In both cases, the upper strand is enriched in purine residues, peaking at 73% in the region from Ϫ800 to Ϫ300 of the ardC promoter and at 76% in the region from Ϫ550 to Ϫ300 of the ardB promoter. We did not find inverted repeats that could generate cruciform structures in the two promoters or series of short direct repeats like the ones that were isolated from Physarum early S-phase residual matrix DNA and postulated to play a role in DNA replication (43) . A distinct feature of the ardC promoter is the presence of long direct repeats. The longest of these, repeat I, extends from Ϫ420 to Ϫ370 and from Ϫ282 to Ϫ232 (90% identity). A shorter, 70% identical sequence of 39 bp was found in a comparable position in the ardB promoter at Ϫ422 to Ϫ384. Another repeat, the 30-bp repeat II, is found in the ardC promoter at positions Ϫ583 to Ϫ544 and Ϫ459 to Ϫ430 (83% identity). Again, a similar region (65% identity) is found in the ardB promoter at positions Ϫ368 to Ϫ339. This is illustrated in Fig. 7 .
We also searched these two promoters for known or probable features of eukaryotic replication origins. First, we looked for the yeast autonomously replicating sequence (ARS) consensus sequence (WTTTAYRTTTW) and found no exact matches. Close matches (10 of 11) to the consensus were found in AT-rich regions outside the promoters, one in the second intron of ardB (ϩ445) and several downstream of the ardC gene. We also measured helical stability of the promoters with the Thermodyn program (32) , since an easily unwound DNA sequence called a DNA-unwinding element is an important component of the yeast replication origins (33) . In the ardC promoter sequence, a relatively unstable region is found at Ϫ500 (Fig. 7) . It is closely associated with the type II repeats, in a AG-rich region. Similarly, DNA segments with intrinsically low helical stability are found in the ardB promoter, upstream of the repeat-like sequences. We therefore looked for similar nucleotide sequences within the reported sequences of the profilin P gene (6) and of the Physarum ribosomal central nontranscribed spacer (20) , but we found no extended homology that would be common to these four Physarum origin regions. We also found no exact match to a putative consensus sequence compiled from a set of presumptive replication origins (19) . The most related sequences were found by allowing for three mismatches, one in the first intron of the ardB gene and the others at the 3Ј end of the ardC gene. Despite the purine richness of the promoters, we found no exact match to the Pur consensus sequence (GGNNGAGGGAGARRRR) (5) that is found in proximity of some eukaryotic replication origins.
DISCUSSION
Site-specific origins in P. polycephalum. Because of the natural synchrony of S phase and despite the relatively large size of the genome (C ϭ 0.3 pg), it is possible to analyze the FIG. 6. Mapping of the origin linked to the ardB gene by neutral-neutral 2D gels. Replication of specific restriction fragments was analyzed by 2D gel electrophoresis. A map depicts relevant restriction sites, the position of the ardB gene, the polarity of transcription, and the location of promoter probe c of the 4.9-kb ardB2 allele. The region in which the origin was mapped by alkaline gel electrophoresis in Fig. 1 is shown below the map. Probe c was hybridized to HindIII-digested DNA (A), EcoRI-digested DNA (B), or EcoRV-EcoRI-digested DNA (C). In panel A, typical Y-arc patterns are found within the upstream region of the gene (allelic HindIII fragments of 4.8 and 5.2 kb). This rules out an origin location within the central third of these fragments and is compatible with an origin close to the HindIII site found in the first exon of both alleles of the ardB gene (shaded area in rectangle A). In panel B, a prominent bubble arc is found in the allelic 4.9-and 5.5-kb EcoRI restriction fragments (only the apex of the two bubble arcs is seen at that stage). This is consistent with an origin located within the central third of the EcoRI fragments (shaded box of rectangle B). A Y-arc pattern is found in the 2.3-kb EcoRV-EcoRI downstream fragment that contains the gene (C). Combination of this set of data with the origin region of Fig. 1 defines a most likely location of the origin within the first kilobase upstream of the promoter proximal HindIII site.
VOL. 16, 1996 REPLICATION ORIGIN MAPPING IN P. POLYCEPHALUM 973 replication of a single-copy gene by using total DNA extracted from an untreated plasmodium (36) . We have previously located a site-specific replication origin in the promoter region of the developmentally regulated profilin P gene of P. polycephalum (4) . The results presented in this study demonstrate that the presence of origins in promoters is not restricted to celltype-specific genes, since they are also found in the constitutively expressed ardB and ardC genes. That initiation of DNA replication is not diffuse in these replicons is evidenced by the patterns obtained in neutral-neutral 2D gels in which bubble arcs are restricted to very defined portions of the locus (Fig. 3  and 6 ). Furthermore, when present, bubble arcs were found with incomplete underlying Y arcs, another landmark of sitespecific replication origins. These discontinuous patterns reveal another property of these replication origins: their high efficiency. In contrast, we obtained mixed signals in which the bubble arc intensity was only 1/10 of the Y-arc intensity within the Physarum rDNA molecules, where initiation of DNA rep-lication is scattered over a set of four potential, closely spaced origins (2) . Mapping of the origins within transcriptional promoters. The results that we obtained through different approaches are concordant and identify the first kilobase upstream of the transcription initiation site as the most probable location of the origins in the ardC and ardB genes ( Fig. 6 and 7 ). This conclusion is based on several lines of evidence. First, the transition from a bubble to a Y arc in the 6.6-and 7.2-kb EcoRI allelic fragments of ardC suggests an asymmetrically located origin, within the central third of these fragments (Fig. 2 and  3) . Second, we determined that the downstream EcoRI site is replicated first and that the two forks have constant and similar rates of elongation ( Fig. 3 and 4 ), allowing us to restrict the position of the origin to a short fragment of DNA centered on the promoter (pos2 in Fig. 3 ). Third, taking into account bidirectional elongation, this is the only position compatible with the fact that the 1.1-kb promoter probe hybridizes fully to nascent single-stranded RIs 1 kb in size, as shown in Fig. 5A . The shortest nascent strands that we have detected are in the range of 700 bp, representing about 30 s worth of elongation. It is not clear whether we could have detected shorter nascent strands in our experimental conditions, considering that the shortest RIs, because they are likely to contain internal RNA primers complementary to the replication origin, might be unstable under conditions of alkaline gel electrophoresis.
The location of the ardB replicating origin has not been as extensively studied, yet the identical size distributions of the nascent RIs at the onset of S phase suggests a simultaneous initiation of DNA replication within the same region of the ardB and ardC promoters (Fig. 1 ). This conclusion is reinforced by the 2D gel patterns of the ardB locus presented in Fig. 6 .
In this context, it should be mentioned that initiation sites of DNA replication closely linked to genes have also been mapped in various loci in metazoan cell types, such as the Drosophila chorion genes (16, 25) , the human lamin B2 locus (23) , the human ␤-globin gene (28) , Sciara DNA puff II/9a (29) , or the nontranscribed spacers of the rRNA genes in a variety of cells (2, 10, 15, 31) , illustrating that the same functional constraints are at work in different eukaryotic genomes.
Replication and transcription at the actin gene loci. For the two Physarum actin genes, the region in which the replication origin is mapped was previously defined as a functional promoter (11) (12) (13) . The dual function of these short stretches of DNA is somewhat paradoxical if one considers that the origin is activated only once per cell cycle whereas the promoters are active throughout the interphase. This raises the question of the interactions between replication and transcription and underlines the fact that, whatever the mechanism of origin repression that is at work following the onset of S phase, it does not interfere with transcription. On the other hand, a clear benefit of such a genomic organization is that there should be no head-on collisions between RNA and DNA polymerases. There might not even be a colinear progression of the two types of polymerases. Transcription is abolished transiently during mitosis (27) , and the replication of these two genes is achieved during the first minutes that follow the decondensation of the chromosomes. It may well be that at this time transcription has not begun and that the replication forks are progressing on genes that are not yet loaded by RNA polymerases and nascent transcripts. Nevertheless, transcriptional activity of the actin genes as early as 15 min after the onset of S phase was detected by runoff experiments (14) . At this stage, the ardB and ardC replicons are about 15 kb long and are about the same size as those seen in early S-phase chromatin FIG. 7. Helical stability (⌬G) throughout a 2.5-kb region of the ardC and ardB genes. The free energy (1 kcal ϭ 4.184 kJ) required to strand separate a 100-bp window was calculated with the unwinding analysis program Thermodyn (32) and plotted along a schematic map of the loci of the ardC and ardB genes. The direct repeats I and II in the promoter of the ardC gene (see Results) and the partially homologous sequences in the ardB promoter are shown. Arrows depict the initiation sites of transcription; exons are shown as black boxes. The Thermodyn program was run with the default values for the ionic strength (10 mM) and the temperature (37ЊC), so that the results are comparable to values computerized with yeast plasmids (33) . It is observed that the minimal value of ⌬G, slightly under 90 kcal/mol, is restricted to a short region at Ϫ500 nucleotides, close to the type II direct repeats in the promoter region of the ardC gene and to a region from Ϫ900 to Ϫ750 upstream of ardB. This value is in the range of free energy of experimentally defined DNA-unwinding elements of yeast ARS plasmids (33) .
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BÉNARD ET AL. MOL. CELL. BIOL. spreads, where actively transcribed genes were observed at the center of nascent replicons (38) . This finding suggests that these replicons are representative of the early activated replicons in the plasmodium, a proposition that is also sustained by their kinetics of bidirectional elongation. It has long been known that the replicons activated at the onset of S phase in P. polycephalum are growing bidirectionally at a rate of 1.2 kb/ min per replicon, with an equal rate for the divergent forks (21, 22) . For the first time, we confirm these results for a defined replicon, by analyzing the respective positions of the replication forks of the ardC replicon at different time points (Fig. 4) . Furthermore, since ardB and ardC generate RIs comparable in structure and size distribution on EcoRI 2D gels (not shown) or on denaturing gels (Fig. 1) , similar conclusions can be drawn for the ardB replicon.
Properties of the Physarum replication origins. The timing of replication of specific DNA segments appears to be strictly controlled in P. polycephalum (7) . The actin genes were the first genes for which an invariant chronology of replication was established (37) . The results presented in this study extend our previous conclusions. We show that two unlinked replicons are unvariably, simultaneously activated at the onset of S phase ( Fig. 1 and data not shown) . Furthermore, if one considers the two alleles of one locus, our results provide the first demonstration of a simultaneous activation of allelic replication origins in an eukaryotic genome ( Fig. 2 and 6 ). They also provide evidence for initiation of DNA replication from within the same sites in allelic loci (Fig. 2, 3, and 6 ). Altogether, these results strongly suggest genetic determinants for the temporal and spatial control of initiation of DNA replication in P. polycephalum. This supports the concept of a cis-acting sequence that defines Physarum replication origins. However, thus far, sequence comparisons have failed to identify a consensus sequence. Clearly, a functional assay would be helpful for delineating essential components of the Physarum chromosomal origins. Recent results indicate that a linearized DNA plasmid, in which the expression of a hygromycin gene was under the control of the promoter of the ardC gene, did give stable transformants by either homologous or heterologous recombination in the uninucleated haploid amoebal Physarum cells (12, 13) . These integrated copies of the promoter of the ardC gene should allow us to determine whether the genetic determinants specifying origin activity have been translocated, i.e., are coincident with the initiation site mapped in this study.
Our results suggest clearly that the Physarum origins are not encoded by a sequence closely resembling the ARS consensus sequence of S. cerevisiae, yet there are several aspects of our results for P. polycephalum that are reminiscent of the yeast chromosomal replication origins. In yeast cells, apart from the essential ARS consensus sequence, both a DNA-unwinding elements and a binding site for a transcription factor (like ABF1) are commonly involved in ARS activity (9, 32, 34) . The Physarum origins mapped in this study coincide with regions of low helical stability (⌬G of less than 90 kcal [ca. 377 kJ]mol [ Fig. 7 ]), and from their positions in a promoter, it can be inferred that these origins are also surrounded by or found within binding sites for transcription factors. Finally, it is of note that in both organisms, the origins are functionally similar in restricting initiations of DNA synthesis to a short stretch of DNA.
It should be noted, however, that there are apparent differences between the functional organizations of the two genomes. In P. polycephalum, four chromosomal origins have been mapped close to genes. For the LAV1-2 gene, there are two origins that are located about 10 kb apart on both sides of the gene. For the ardB, ardC, and proP genes, a single origin is located within the promoter region of each gene, which allows replication and transcription to proceed in the same direction. In yeast cells, the positions of the replicating origins were extensively studied in a 200-kb fragment comprising the left arm of chromosome III. Fourteen ARS elements were identified and mapped in this region (34) , and six of these elements were shown to be functional chromosomal origins by 2D gel analysis (17) . Because of the closely spaced organization of genes, a single origin is responsible for the duplication of several genes and most promoters do not contain origins. Furthermore, the Watson-Crick strands are used approximately equally for coding, indicating that the directions of transcription and replication are not correlated; transcription and replication can proceed in opposite directions for some genes and in the same direction for others. While S. cerevisiae contains more genes than replicating origins, the situation is probably reversed in P. polycephalum, in which there are about 18,000 replicons and probably many fewer genes. In Physarum but not yeast cells, it is theoretically possible for each gene to have its own origin. A study of more origins is necessary to determine whether this indeed is the situation.
